To describe the computed tomography (CT) features of chemotherapy-induced interstitial pneumonitis (CIIP) with longitudinal follow-up.
INTRODUCTION
C hemotherapy-induced interstitial pneumonitis (CIIP) is recognized as a frequent and important complication of chemotherapy in oncology patients and is reported to occur in up to approximately 10% of patients treated with an antineoplastic agent. 1, 2 CIIP should be considered if respiratory symptoms present temporarily during chemotherapy and resolve after discontinuation of the specific drug. Diagnosis of CIIP is important in determining whether use of the current chemotherapeutic agents can continue and in enabling prompt management such as drug withdrawal and/or steroid medication for patients who undergo acute deterioration. 1, 3, 4 However, the diagnosis of CIIP remains a challenge for both the clinician and the radiologist. There are no pathognomic clinical, radiological, or pathological findings. Other pulmonary diseases that mimic CIIP, such as pulmonary infection, pulmonary edema, and idiopathic interstitial pneumonia, are more common than CIIP in routine practice and should be initially excluded for the diagnosis of CIIP.
Thin-section computed tomography (CT) findings in CIIP reflect underlying histopathologic processes that include nonspecific interstitial pneumonia (NSIP), organizing pneumonia (OP), hypersensitivity pneumonitis (HP), diffuse alveolar damage (DAD), eosinophilic pneumonia, obliterative bronchiolitis, or pulmonary hemorrhage. 5, 6 New antineoplastic agents are constantly being developed and there are many reports of CIIP caused by specific types of drug. 1, [7] [8] [9] [10] However, combination chemotherapy is common and the CT characteristics of CIIP are too diverse and complex in current chemotherapy. So we believe that in terms of CIIP, the pattern approach for interpretation of CT findings is more reasonable and practical to radiologists than that by the individual chemotherapeutic regimen. Furthermore, published thin-section CT findings in CIIP according to pattern approach are very few in number. 11 The purpose of this study was to describe the features of CIIP in thin-section CT with longitudinal CT follow-up.
MATERIALS AND METHODS Patient Characteristics
This retrospective study was performed at the Asan Medical Center, a 2700-bed tertiary-care teaching hospital, between May 2005 and March 2015. The study was approved by our hospital's institutional review board (approval number: 2015-0524) and informed consent was waived because of retrospective study.
Using in-house searching software (ABLE, Asan Medical Center, Seoul), we retrospectively searched electronic medical records and found 138 consecutive oncology patients undergoing chemotherapy with ''drug-induced lung disease,'' ''druginduced pneumonitis,'' ''drug toxicity,'' or ''drug reaction.'' Patients with other causes for the pulmonary abnormality, such as pulmonary infection or pulmonary edema, were excluded on the basis of bronchoscopy with bronchoalveolar lavage (BAL), echocardiography, and laboratory tests by clinicians. Accordingly, 27 patients who were finally diagnosed as having pulmonary infection and 7 patients with underlying idiopathic interstitial lung disease on thin-section CT images taken before the start of chemotherapy were excluded. A further 4 patients who showed progression of lung lesion, despite discontinuation of chemotherapy, were also excluded. Finally, 100 consecutive patients with CIIP (51 males, 49 females; median age 61.0 years, range 14-81) were included ( Figure 1A ). Inclusion and exclusion criteria are summarized in Figure 1B . 11, 12 All patients in the study met the clinical diagnostic criteria for CIIP. Bronchoalveolar lavage was performed with culture of samples in 72 of 100 patients. Remaining 28 patients showed normal range of white blood cell count. Tissue confirms were taken in 7 patients by either bronchoscopy or wedge resection of lung for cases, which were difficult to differentiate from some other idiopathic diffuse interstitial lung diseases or clinically and radiologically undetermined pulmonary lesions.
We reviewed the demographics, smoking history, and clinical symptoms of the patients, focusing on dyspnea, fever, and cough. The onset of CIIP was defined as the interval between the date of the initial thin-section CT (Time1CT) and the date of initial chemotherapy as follows: within 1 week, 1 week to 1 month, 1 to 3 months, >3 months. Chemotherapeutic agents and underlying malignancies were reviewed. Drugs were divided into 2 categories according to the underlying mechanisms: molecularly targeted drugs and cytotoxic drugs (Supplementary Table 1 , http://links.lww.com/MD/A609). We also assessed the history of steroid therapy and endotracheal tube insertion in patients with acute deterioration.
Evaluation of CTs
Chest thin-section CT studies were undertaken in the 100 patients as follows: 84 pretreatment thin-section CTs for staging underlying disease (Time 0), 100 initial thin-section CTs of CIIP (Time1), 87 subsequent thin-section CTs (Time2), and 48-second follow-up thin-section CT (Time3). Thus, a total of 319 thin-section CT scans were collected and randomized by a thoracic radiologist (H.N.L., 5 years' experience in radiology).
1) Evaluation of Initial CT
Two radiologists (M.Y.K and H.N.L, 23 and 5 years' experience in radiology, respectively) independently assessed and scored the extent of parenchymal abnormalities including emphysema, reticulation, ground-glass opacity (GGO), consolidation, and honeycombing cysts in 100 Time1CT images. The extent of the abnormalities was determined on axial CT images, using a 5% volumetric scale for 6 zones from: (1) the lung apex to the carina, (2) the carina to the lower pulmonary vein, and (3) the lower pulmonary vein to the lung base ( Figure 1C ). 13 The prevalence of traction bronchiectasis, subpleural sparing, and subpleural curvilinear lines was assessed in consensus (M.Y.K. and H.N.L.). With regard to the distribution of parenchymal abnormalities, the following were evaluated in consensus: 4 instances of craniocaudal dominance (upper, mid, lower, none; referent to carina and right lower pulmonary vein, respectively) ( Figure 1C ); 3 instances of axial zonal dominance (central, peripheral, none; referent to imaginary middle line) ( Figure 1C ); bilaterality and symmetry of pulmonary abnormalities.
The initial thin-section CT (Time1CT) images were categorized in consensus (M.Y.K. and H.N.L.) as presenting 1 of the following 4 patterns in accordance with American Thoracic Society/European Respiratory Society guidelines 14 : (1) NSIP pattern, (2) OP pattern, (3) HP pattern, mimicking diffuse desquamative interstitial pneumonitis, and (4) DAD pattern (Figure 2 A-D). The 4 patterns were then recategorized into either Group 1 (NSIP and OP patterns) or Group 2 (HP and DAD patterns) depending on whether or not >50% of pulmonary infiltration composed of GGO.
2) Evaluation of Follow-up CTs
Two thoracic radiologists (M.Y.K., H.N.L.) independently assessed and scored the extent of parenchymal abnormalities, including emphysema, reticulation, GGO, consolidation, and honeycombing cysts in 87 subsequent thin-section CT (Time2) images and 48-second follow-up thin-section CT (Time3) images. The extent of these abnormalities was determined in transverse images using a 5% volumetric scale for 6 zones in the same manner as for the Time1CTs. On the Time2CT images of 87 patients, we classified changes of pulmonary abnormalities as complete resolution or partial resolution.
CT Scanning Protocol
The CT images were obtained with a SOMATOM Sensation (Siemens Medical Solutions, Forchheim, Germany) scanner. The CT parameters were 120 kVp and 100 effective mAs with dose modulation. Reconstruction was done using B60 algorithm (3/5-mm thickness and 3/5-mm increment without a gap), and B50 algorithm (1-mm thickness with 5-mm gap). All 319 CT images were viewed at the mediastinum (width 450 HU; level 50 HU) and the lung (width 1500 HU; level À700 HU) window settings of the axial and coronal images on the picture archiving and communication system.
Statistical Analysis
Intraclass correlation coefficients (ICCs) were used to analyze interobserver agreement for the extent of pulmonary abnormalities on the Time1 and Time2CTs. ICC values were classified as follows: <0.40, poor agreement; 0.40 to 0.60, moderate agreement; 0.60 to 0.80, substantial agreement; >0.80, good agreement. 15 Paired Student t tests were used for comparisons between CT findings at Time1CT and Time2CT, and between findings at Time2CT and Time3CT. Various clinical and radiologic factors at Time1CT were compared between Groups 1 and 2 using x 2 tests for categorical data and independent samples t tests for continuous data. The statistical package SPSS version 18.0 (SPSS Inc, Chicago, IL) was used (by K.S.S., 11 years' experience), and the results are expressed as means AE standard deviations or medians with ranges. A P value <0.05 was considered statistically significant.
RESULTS

Patient Characteristics
The clinical characteristics of the 100 patients are given in Table 1 . The most common symptom of CIIP was dyspnea (57%), followed by fever (29%) and cough (14%). Fever was more common in Group 2 (40.4%); cough was more common in Group 1 (27.9%; P < 0.001). Most of the patients had cessation of the chemotherapy (97%) and/or the steroid taking (90%), during treatment of CIIP. Only 5 patients (5%) required admission to the intensive care unit and endotracheal intubation.
The most common molecularly targeted drug that induced CIIP was rituximab (28%) in patients with lymphoma (n ¼ 28); the second most common was everolimus (9%) in patients with renal cell carcinoma (n ¼ 6). Common cytotoxic chemotherapeutic agents that induced CIIP were bleomycin (11%) in patients with lymphoma (n ¼ 6) and docetaxel (10%) in patients with breast cancer (n ¼ 5) (Supplementary Table 1 , http:// links.lww.com/MD/A609).
The CIIP was more likely to be caused by cytotoxic drugs in Group 1 cases (NSIP and OP patterns) and by molecularly targeted drugs in Group 2 (HP and DAD patterns, P ¼ 0.03).
The median interval between starting the drug and the Time1CT date (onset of CIIP) was 80.5 days (range 4-425). In Group 2, the peak incidence of CIIP onset was between 1 and 3 months, in Group 1 it was >3 months (Figure 3 ). There was also a statistically significant difference in onset of CIIP between Group 1 (median 93.0, range 11-425) and Group 2 (median 76.0, range 4-417) (P ¼ 0.034). The interval between the Time1CT and Time2CT was significantly shorter in Group 2 (median 50.5, range 7-218) than in Group 1 (median 62.0, range 10-758) (P ¼ 0.022) ( Table 1 ).
Evaluation of CTs
The ICCs of the radiologic scores were substantial to good degree in Time1CT (0.764-1.000) and Time2CT (0.788-1.000). ICC was relatively low for reticulation (0.764 on Time1CT and 0.788 on Time2CT) with substantial degree. Other scores were >0.885 with good degree (Supplementary Table 2 , http://links.lww.com/MD/A609). None of the patients showed honeycombing cysts on the Time1CT, Time2CT, and Time3CT.
Initial CT
The most common pattern of CIIP on the Time1CT was HP (n ¼ 51), followed by NSIP (n ¼ 23), OP (n ¼ 20), and DAD (n ¼ 6). When comparing total pulmonary extent, Group 2 showed more extensive extent of CIIP (53.2%) than Group 1 (33.3%) (P < 0.001) ( Table 2) .
The most common distribution of CIIP was bilateral (99%) with a symmetric distribution (82%), regardless of the pattern. Craniocaudal dominancy was generally absent, except in OP pattern. Among the cases with an OP pattern, 50% showed lower lung zone predominance. Axial zonal dominance was also usually absent, except in NSIP. Among cases with an NSIP pattern, 52.2% showed peripheral predominance (Table 3) .
Traction bronchiectasis, subpleural sparing, and subpleural curvilinear lines were observed in only 18%, 1%, and 5% of patients, respectively.
Subsequent and Follow-up CTs
On the Time2CT, all the parenchymal abnormalities except emphysema were significantly decreased in extent: from 45.4% to 11.6% (P < 0.001). On the Time3CT, GGOs and consolidations were reduced (P ¼ 0.002, P ¼ 0.008, respectively), whereas reticular opacities increased (P < 0.001) ( Table 4 ). Although the median interval between Time1CT and Time2CT was shorter in Group 2 (50.5 days, range 7-218) than in Group 1 (62.0 days, range 10-758) (P ¼ 0.022), complete resolution of the pulmonary abnormalities on the Time2CT was seen more frequently in Group 2 (n ¼ 28, 49.1%) ( Figure 4 ) than in Group 1 (n ¼ 4, 9.3%) (P < 0.001) ( Figure 5 ).
DISCUSSION
The list of new drugs is growing and the number of recognized pulmonary side effects is increasing. Radiologists relatively frequently encounter CIIP and make a differential diagnosis such as drug reaction or drug toxicity despite the varied spectra of CIIP on thin-section CT imaging. Diagnosis of CIIP remains a challenge to both radiologists and clinicians. More importantly, the diagnosis depends on exclusion of other cause.
The thin-section CT findings associated with each chemotherapeutic agent such as bleomycin 16, 17 are well described, but not histopathologic patterns associated with many kinds of chemotherapeutic agents.
Chemotherapeutic drugs can cause 4 main types of lung reaction: interstitial pneumonitis and fibrosis, OP, hypersensitivity reactions, and acute respiratory distress syndrome. 18 Above we classified the thin-section CT findings for CIIP into 4 patterns: NSIP, OP, HP, and DAD, modification of the classification of idiopathic interstitial pneumonias on thin-section CT scans. 19 We assumed that (1) a NSIP pattern with smooth interlobular septal line thickening was explained by Abbreviation as in Table 1 . persistent interstitial edema or interstitial fibrosis; (2) an OP pattern with multifocal patchy subpleural or peribronchovascular consolidation was explained by various causes of secondary OP; (3) a HP pattern with diffuse GGO was explained by a hypersensitivity reaction; and (4) a DAD pattern with extensive bilateral airspace consolidation mainly in dependent lungs, with diffuse GGO generally in nondependent lungs, was explained by drug-induced acute respiratory distress syndrome or acute lung injury. 20 In our study, the most common pattern was HP (51%) with diffuse GGO, as reported. 11, 21 Most of the CIIP had bilateral and symmetric distributions, 22 and most lacked craniocaudal dominance. However, the NSIP pattern of CIIP has been found to show lower lung dominance, 18, 20 but those studies only included CIIP caused by cytotoxic drug such as bleomycin, which usually caused reticulation in lower lung peripheral zone.
In this study, all parenchymal abnormality, except emphysema, showed significant decrease in extent overtime. This result reflects that CIIP is a reversible disease, if proper diagnosis and management are performed. Therefore, the reticulation in CIIP can be differentiated from idiopathic interstitial pneumonia. However, reticulation increased somewhat between Time2CT and Time3CT, perhaps due to a minimal evolution of GGO or consolidation, or due to observational error. Another important differential point is that not all patients had honeycomb cysts, with relatively common in idiopathic pulmonary fibrosis.
The main differential diagnosis differs according to the CIIP patterns. For example, atypical pneumonia, such as Pneumocystis carinii pneumonia, or viral pneumonia should be excluded in the HP patterns. 23, 24 With an NSIP pattern, idiopathic NSIP, interstitial fibrosis, sequela of atypical pneumonia, and lymphangitic carcinomatosis should be considered 25, 26 ; with an OP pattern, secondary OP or multifocal infection should be considered 27 ; and with a DAD pattern, adult respiratory distress syndrome or acute lung injury from other causes is possible. 28 We divided 4 CT patterns into 2 groups based on extent of GGO. GGO generally indicates the presence of an ongoing and potentially treatable process. So we expected different temporal changes between them. Indeed, Group 2 usually showed more active and acute manifestation than Group 1 regarding initial presentation and evolution of diffuse lung disease. Although most of the CIIP followed the course of a subacute or chronic disease, in Group 1 (NSIP or OP patterns), mainly caused by cytotoxic agents, most of the CIIP occurred after 3 months, whereas in Group 2 (HP or DAD patterns), mainly caused by molecularly targeted agents, it was mostly restricted to the first 3 months. This difference may be partly explained by the fact that the effects of cytotoxic drugs are dose dependent, whereas molecularly targeted drugs have no cumulative dose effect. 21 Our patients had symptoms of dyspnea, fever, and cough, which are frequent symptoms of CIIP. 5, 6, 29, 30 Our study has several limitations. First, the study was retrospective and the intervals between follow-up CT scans varied. Second, analysis of thin-section CT images by radiologists could be subjective; disease was confirmed by biopsy and correlated with histopathology in only 7 patients. Third, when a combination of drugs had been used or stopped at the same time, the drug most known for pulmonary toxicity was considered the cause of the CIIP. Fourth, there was no case of CIIP manifesting eosinophilic pneumonia or bronchiolitis obliterans; this means that such cases were underestimated or rare. Only 4 patients whose CT findings worsened after discontinuation of drugs were excluded: 3 died after cardiac arrest, pulmonary embolism, and coinfection, respectively; the 1 survivor had an unknown superimposed pneumonia. However, such cases may be unavoidable when diagnosing CIIP and can be neglected because of their small number. We included the patients by a word search for the final diagnosis and inevitably are missing minor cases of drug reactions. However, chemotherapy agents can continue to be used for asymptomatic patients, thus it is difficult to diagnose the CIIP without clinical significance.
Despite these limitations, to our knowledge our study is the largest recent study to describe CT findings of CIIP with followup CT scans, according to patterns. In conclusions, the diagnosis of CIIP should be considered if CT imaging reveals reversible diffuse, bilateral, and symmetric lung lesions accompanying chemotherapy. A pattern approach in diagnosing CIIP is more appropriate and effective in routine practice.
